Background/aims-Topical mitomycin C (MMC) therapy has been used for treatment of ocular surface squamous neoplasia (OSSN) since 1994. Relatively few studies have reported the cellular changes in ocular surface following MMC. Methods-Impression cytology was studied in four patients with ocular surface squamous neoplasia, either primary or recurrence after previous excisional biopsy. The authors studied samples obtained using Millipore filters at intervals between 4 and 17 weeks after commencement of MMC, and compared them with pretreatment cytology. Results-MMC induced changes of cytomegaly, cytoplasmic vacuolation, nucleomegaly with nuclear wrinkling, and binucleation or multinucleation were seen in some cells in all samples. However, nuclear/cytoplasmic (N/C) ratio in these enlarged cells was normal. These changes mimicked those seen following radiation therapy in uterine cervix. Changes of increased nuclear and cell size with increased N/C ratio were seen in some dysplastic cells. The predominant form of cell death was apoptosis with fewer cells showing necrosis.
The use of mitomycin C (MMC), a DNA alkylating agent, in the treatment of ocular surface squamous neoplasia (OSSN) was first reported in 1994. 1 Results of a multicentre trial published in 1997 indicated the eYcacy of MMC in treatment of both primary tumours and recurrent disease following excisional biopsy. 2 With the increased use of impression cytology in the diagnosis and follow up of OSSN, 3 4 the question of whether cellular changes induced by MMC in normal cells of the ocular surface may result in possible confusion with dysplastic cells has been raised.
Although there is considerable literature on cytology of urinary bladder following intravesical MMC, 5 6 there have been relatively few reports of cytology 7 or histology of the ocular surface 8 9 following MMC therapy for ocular surface melanocytic or squamous neoplasia. Changes induced by MMC therapy may mimic those of malignancy. 7 Although these cellular changes may last for years in urinary bladder, similar long term cytological studies of the ocular surface do not exist. We undertook a prospective study of impression cytology following MMC therapy in patients with recurrent and primary OSSN.
Materials and methods

PATIENTS
The prospective arm of the study included samples from four patients from May 2000 ( Table 1 ). The four patients included three males aged 68-75 years and one female aged 44 years. Three patients had a history of OSSN, treated by excisional biopsy with two patients having had two biopsies. These three patients suVered recurrent disease 6-26 months after excisional biopsy with incomplete surgical margins. One patient had primary OSSN. All patients were treated with topical MMC 0.04% four times daily for a week followed by a week oV. This cycle was repeated up to three times.
The retrospective component of the study involved review of impression cytology specimens received on patients who had received MMC therapy for OSSN before May 2000.
CYTOLOGY
All patients in the prospective study had the clinical diagnosis of OSSN (in 2000) confirmed by impression cytology using Millipore filters. 4 10 The filters were fixed in 95% alcohol, stained with haematoxylin and eosin, removed from the cylinders, and mounted on glass slides. 4 One of the authors (PMcK) examined the cytology specimens with detailed photography. Ten samples were taken from these patients at intervals of 4-17 weeks (Table 1) , including samples from the lesional zone in all four patients when the CIN had resolved clinically (8-12 weeks). One patient suVered a clinical recurrence, confirmed by impression cytology at 15 weeks.
Results
MODE OF CELL DEATH ASSOCIATED WITH MMC
Apoptotic bodies (condensations of cytoplasm plus or minus nucleus) were seen in all samples in the prospective study from 4-12 weeks after commencing MMC (5 days to 43 days after the end of the last cycle) with smaller numbers seen at the longer time intervals.
Early samples at 4 weeks showed up to nine bodies per ×200 high power field (HPF) within sheets of dysplastic cells (Fig 1A) . Occasional apoptotic bodies were also seen in sheets of cells without obvious dysplastic cells at 4 weeks (Fig 1B) .
There was also evidence of necrosis with scattered cells showing karyorrhexis and pyknosis (Fig 1C) . Up to three karyorrhectic nuclei were seen per ×200 HPF at 8 weeks. Overall, apoptosis seemed more prominent than necrosis as an indicator of cell death. Necrotic cells were more numerous in early samples, but karyorrhectic nuclei were seen for up to 8 weeks. A mild acute inflammatory infiltrate of neutrophils (Fig 1D) , which accompanied the necrosis, was seen in almost all prospective samples with a moderate to heavy inflammatory infiltrate seen in patient 2 at 8 weeks.
CELLULAR CHANGES ASSOCIATED WITH MMC Cellular changes were seen in some normal ocular surface epithelial cells and some dysplastic cells in all samples from 4-12 weeks, and in normal epithelial cells in one of the retrospective cases at 8 months.
Changes in normal cells included: (1) Vacuolisation of cytoplasm that ranged from fine (fibrillary appearance) to large vacuoles obscuring nucleus (Fig 2A, B , and C). Vacuoles were single or multiple.
(2) Increased cell size due to increased cytoplasm. In these cells, the nucleus was enlarged or normal size (Fig 2B and C) . The nuclear/cytoplasmic (N/C) ratio was not increased in these enlarged normal cells. (3) Multiple nuclei or binucleation (Fig 2D) could be seen uncommonly. (4) Wrinkled nuclei with irregular nuclear outline or hyperchromatic nuclei (Fig 2B and C) were seen.
Changes in some dysplastic cells were similar, particularly the increased size of the cell due to increased cytoplasm. Two patients (1 and 2) had small pretreatment dysplastic cells with little cytoplasm and large hyperchromatic nuclei with coarse uneven chromatin and nucleoli. The increase in cytoplasmic size in these cases was more prominent than the change in nuclear size, but the nuclei still had dysplastic features compared with the enlarged normal nuclei (Fig 3A and B) . Small numbers of dysplastic cells were still present in cytology specimens in all patients taken when there was no clinical disease.
PERSISTENCE OF CELLULAR CHANGES
Cellular changes related to MMC were seen up to 12 weeks after commencement of MMC therapy in the prospective series. One patient sampled at 17 weeks, after completion of three cycles of MMC, had no evidence of MMC related changes. In one of the retrospective cases examined at 8 months after starting MMC therapy (and 7 months after the last dose), there were occasional enlarged cells with large pale nuclei and occasional binucleated cells.
Discussion
MMC is an antibiotic derived from Streptomyces caespitosus. After intracellular enzymatic or spontaneous chemical reduction, mitomycin becomes a bifunctional or trifunctional alkylating agent, which is able to inhibit DNA synthesis and cross link DNA between adenine and guanine at three diVerent sites. 11 MMC also causes single strand breakage of DNA and chromosomal breaks. Although MMC acts primarily during the late G1 and S phases, it is non-cell cycle specific. DNA damage frequently triggers death by apoptosis.
12 DNA damage to eukaryotic cells induces complex responses, including recognition of DNA injury, assessment of damage during check points, and initiation of appropriate response (DNA repair or cell death). 12 It is now clear that antineoplastic agents which cause DNA damage induce apoptosis in tumour cells, but only cell cycle arrest in normal cell counterparts, because of varying apoptosis thresholds. 13 Recent studies of the eVects of MMC on bladder cancers show induction of apoptosis in an ex vivo model of bladder cancer, with evidence suggesting that this ex vivo response matches the clinical outcome. 14 We have demonstrated using impression cytology that apoptosis appears to be a major mode of cell death due to MMC in OSSN with apoptotic bodies evident at the earliest time interval examined (4 weeks) and up to 12 weeks after starting therapy. The number of apoptotic bodies observed decreased as the tumour showed evidence of clinical regression, but scattered apoptotic bodies were still seen when there was no residual clinical disease and within sheets of normal epithelial cells. A small number of cells undergoing necrosis (karyorrhexis or nuclear pyknosis) were also seen in cytology specimens showing apoptotic cell death. This appeared less important and was accompanied by a mild neutrophilic inflammatory infiltrate, as opposed to apoptotic cell death, which occurs without evoking an inflammatory reaction. 15 This mimics the clinical situation with inflammation seen early in treatment, but ongoing reduction in tumour size continues without inflammation. We did not use additional techniques such as the TUNEL (terminal deoxynucleotidyl transferase mediated dUTP-biotin nick end labelling) assay to confirm apoptosis, but relied on the characteristic apoptotic morphology. Jerome and colleagues recently demonstrated the lack of specificity of the TUNEL assay with positive signal related to non-apoptotic cell death, artefacts of specimen fixation, and sectioning. 16 The cellular changes that we observed in some normal ocular surface epithelial cells after MMC therapy are similar to those seen in Papanicolaou smears following radiation therapy for carcinoma of the uterine cervix 17 and in transitional epithelium of the urinary tract following MMC. 5 MMC has been termed a radiomimetic agent with long term, possibly permanent, eVects on tissues, 18 and we confirm its radiomimetic eVects on the ocular surface cytology following its topical use. Some normal epithelial cells may become very enlarged, up to six times normal size, due to increased amounts of cytoplasm, which may contain one to numerous vacuoles. This may be accompanied by increased nuclear size with nuclear wrinkling and apparent nuclear irregularity or hyperchromasia, but the critical issue is that the nuclear/cytoplasmic ratio remains within normal limits. The increase in nuclear and cell size in both radiation and MMC injury has been attributed to interference with cell division due to DNA damage. The mechanism of the cytoplasmic vacuolation is less clear, but dilatation of endoplasmic reticulum has been noted on ultrastructural examination of the vacuolated cells in radiation injury (personal communication with Dr John Papadimitriou) and this is presumably also the case with MMC injury. Such changes were seen in our first samples taken 4 weeks after commencement of MMC therapy and cytomegalic cells were still observed 8 months after MMC therapy. Longer follow up is required and we are currently in the process of collecting such data. The persistence of MMC related changes varies from patient to patient, as patient 4 in our series had prominent changes at 8 and 12 weeks (Fig 2) , but normal epithelium at 17 weeks. Cytological changes in urinary samples persist for up to 30 months after starting MMC for transitional cell carcinoma of bladder. 5 However, the course of MMC for bladder cancers includes a total dose of 470 mg given over 12 months, compared with much lower doses and shorter time courses (0.04% for 7 days out of 14, repeated for two or three cycles) used in ocular surface neoplasia. The rationale for using MMC therapy in cycles of 7 days separated by 7 days oV treatment to allow recovery/repair of normal cells is similar to that used in fractionation of radiation dose for treatment of systemic cancers.
The distinction of MMC related changes from malignant or dysplastic cells in impression cytology specimens can be made when the cell border of the cell is clearly visible and the nuclear/cytoplasmic (N/C) ratio can be estimated. Despite the enlarged nucleus seen in some MMC aVected cells, the cytoplasm is also markedly increased in volume so that a normal N/C ratio is observed in the MMC associated atypical cells, but an increased ratio is seen in dysplastic cells. DiVerentiation becomes diYcult in those cells with large hyperchromatic nuclei where the cell outline is not clearly defined, because of overlapping cells or attenuation of the vacuolated cytoplasm, so it is critical to study those cells where cell size can be assessed clearly. Our study has been a qualitative one to date, but quantitative studies of cell and nuclear size, nuclear chromatin texture, and nuclear features similar to those studied in cervical intraepithelial neoplasia are in progress. 19 Although our data relate to impression cytology of the ocular surface, similar changes would be expected in spatula obtained cytology specimens.
Nadjari and colleagues in the only previous published study of ocular surface cytology after MMC, report therapy induced cytological changes 2 weeks after completion of the course of mitomycin therapy in all smears. 7 The authors characterised these changes as degenerative-chromatin clumping, nuclear pyknosis, cytoplasmic vacuolisation and rupture and reactive-a mixture of normal sized and enlarged cells with large nuclei, occasional cytoplasmic vacuolisation, but normal N:C ratio and finely granular chromatin. Our series showed similar findings. Using DNA cytometry, Nadjari and colleagues demonstrated euploid polyploidisation of non-neoplastic squamous cells with stem lines at 2c, 4c and sometimes at 8c.
Salomão and colleagues reported changes, which could mimic malignancy in conjunctival biopsies after topical MMC therapy for primary acquired melanosis (PAM) with atypia. 8 Findings included alterations in the superficial cells of the conjunctival epithelium-occasional apoptotic cells, enlarged hyperchromatic or "smudged" nuclei and cytoplasmic eosinophilia seen in biopsies taken 3-6 weeks after ending MMC. Demirci and colleagues reported their longer term follow up of conjunctival histology, after mitomycin therapy for malignant melanoma of conjunctiva and PAM. 9 Biopsies, taken at times ranging from 4 months to 44 months, revealed regionally variable conjunctival epithelial atrophy, dyskeratosis, focal keratinisation, occasional pyknotic nuclei with focal nuclear pleomorphism in the epithelium at 4 months. Subepithelial chronic inflammation proportional to the degree of atrophy and/or keratosis of epithelium was also noted. Although the degree of epithelial atrophy was quite marked (only 1-2 cells thick), the authors noted that this was clinically insignificant.
OSSN is recognised to be a multifocal disease with proclivity for recurrences after excisional biopsy, especially in cases with incomplete resection on histology. 20 21 Topical MMC oVers an alternative to repeated excisional biopsies, as these often involve the limbus, and can result in limbal stem cell deficiency, if the dissection is extensive. Younger patients with recurrent and aggressive disease, such as the 44 year old woman in our series, are therefore good candidates for MMC therapy. Follow up of such patients involves regular clinical review with photography with the use of impression cytology as an adjunct to diagnosis. Unlike the situation in the urinary bladder, where the epithelium and any lesion exfoliating cells for cytology are not visible without an endoscopic procedure and anaesthesia, lesions of OSSN are usually clearly visible by the ophthalmologist. Impression cytology can be useful in monitoring for recurrent OSSN if the cytopathologist is given full clinical details of MMC therapy, and is aware of the cytological changes induced by the drug. Close liaison between the pathologist and clinician is therefore essential for interpretation of the cytological findings in the clinical context. Although our study to date has not shown any evidence of long term damage to ocular surface by MMC therapy, such as development of cytological signs of limbal stem cell dysfunction, continued longer term monitoring will be essential, particularly in those patients with multiple recurrences.
